A cryocooler survey has been performed on data of 235 cryocoolers, with cooling powers below some tens of watts and operating between 4 and 120 K. The state-of-the-art is discussed and trends are investigated on cooling performance, mass and size, cost, lifetime and reliability. The data were compared with earlier surveys to explore historical trends. Improvements in cooling performance were mainly in 80 K cryocoolers, an increase in efficiency by about a factor of 5. Coolers did not reduce in size significantly. Main reduction was in 80 K coolers because of the higher efficiency. In the survey, cost is related to input power, cooling power and operating temperature. Cost development is considered and related to learning curves. Since the mid-90s, the lifetime of Stirling-type cryocoolers has increased by one order of magnitude from typically 0.5 to 5 years or more. The confusion that exists on the term ''reliability'' is discussed.
Introduction
In the last four decades, cryocoolers were developed for an increasing number of applications in a slowly, yet steadily, increasing market. In the early days, applications were limited to cryopumping and cooling of infrared sensors. For cryopumping, Gifford-McMahon cryocoolers with a few watts of cooling power at 20 K were usually used, whereas for cooling IR sensors, Stirling coolers with about 1 W at 80 K were applied. Other applications came up, each with its own set of requirements. Thermal radiation shield cooling in MRI systems needed even more powerful GM coolers, establishing helium-refill times of more than a year. As another example, superconducting devices did not require a significant cooling power but often had extreme other demands: on interference as in the case of SQUIDs or on reliability as in the case of HTS filters in telecom systems.
Stimulated by this growing variety of applications, coolers were improved and new cooler types were invented and developed. An important improvement was the application of magnetic-phase-transition materials in the regenerators of two-stage mechanical coolers, thus establishing cooling of up to 1 W at 4 K. A typical example of a new type of cooler is the pulse-tube cooler that was invented in 1963 [1] , but found its way to ''real'' applications after the introduction of the so-called orifice in 1984 [2] . After having realized an acceptable performance in terms of efficiency and attainable temperature, in the last decade, the main cooler improvements were established on reliability, cost and size. Reliability and a long lifetime were requirements originally put forward by space applications but later on also demanded by commercial HTS applications. The largest improvement here is the incorporation of clearance seals and flexure bearings. This technology lifted the specified lifetime of commercial coolers from typically 0.5 year to potentially more than 5 years. Another challenge that manufacturers were, and still are, facing is to realize these highly reliable coolers at a sufficiently low cost. Cooler manufacturers are continuously improving the design of the coolers and manufacturing them with cost being the main driver. More recently, attention is being paid to the size of the cooler. Since electronic devices get smaller and smaller in terms of size and dissipation, there is a need for extremely small coolers (with dimensions of centimeters) with small cold heads (order of mm) and low cooling powers (order of mWs). Extreme miniaturization is possible by using micromechanical techniques. For more detailed information on coolers and cooler developments, the reader is referred to the literature [3] [4] [5] . In this process of developing cryocooler technology parallel to market potentials, from time to time cryocooler surveys were presented. Usually, a cooler database was presented in combination with some trend graphs and a more or less detailed discussion on those.
In 1969, two surveys were published. Daunt and Goree presented a survey of 39 coolers, 19 suppliers, in operating temperature ranges 7-12 K, 12-35 K, and 35-80 K in which they included trend lines of an earlier survey [6] . Strobridge presented a survey [7] that was updated in 1974 [8] on 144 coolers that were considered in the temperature ranges 1.8-9 K, 10-30 K, and 30-90 K. In 1970, a database on relatively large-power coolers and liquefiers was presented by Crawford (input power typically above 10 kW, 65 coolers, 10 suppliers) [9] . The 1969 survey of Daunt and Goree was updated by Smith et al. in 1984 [10] . In this update, focus was on small coolers in the temperature range 4-80 K. A total of 69 commercially available cryocoolers was presented in the database, supplied by 22 manufacturers. To our knowledge, the most recent cooler survey was prepared for the U.S. Air Force Research Laboratory in 2000 [11] . However, this survey was on a limited number of space coolers only. A recent survey with a much wider coverage was prepared on CD by Nichols Research, sponsored by the Naval Research Laboratory (NRL) [12] . This survey was discussed at the International Cryocooler Conference in 1998 [13] . Although the database is a very rich and user-friendly source of cooler information (154 coolers of 36 suppliers), it appeared difficult to transform the data into useful trend lines. The graphs presented in Ref. [13] contain too much scatter in this respect. Therefore, we decided to generate a new cryocooler database and again to investigate the trends. The objectives were twofold. First, we wanted to put up-to-date cryocooler specifications in a database, and second, we aimed to derive trend lines not only in terms of e.g. performance versus operating temperature, but also in historical perspective. These trends can be used as input in roadmap studies.
In our survey, we started with the data from the above-mentioned NRL-Nichols survey and added any further information that we could find on the Internet or which we had available in our research group. All suppliers were approached with the specific data that we had on their coolers, and they were asked to update this. Thanks to the effectiveness of modern electronic communication and the cooperation of suppliers, we have compiled a database of 235 cooler configurations from 32 suppliers. We explicitly tried to get data for the operating temperatures 4, 10, 20, 40, and 80 K. Although a few other coolers are included, we primarily focused on cryocoolers with cooling powers below some tens of watts. The cooler parameters that are considered in the database are given in Table 1 . A list of the suppliers who participated in the survey is given in Table 2 . This cryocoolers survey was performed at the ''Center for Interfacing Low-Temperature Electronics and Coolers'' (CILTEC) at the University of Twente [14] . In this paper, a selected set of parameters is discussed and trends are considered in their mutual relation. evant parameters in this respect are cooling performance (involving cooling power, input power, and operating temperature), mass (and volume), cost and lifetime. Six cooler types are distinguished in this study: Gifford-McMahon (GM), Stirling, Stirling-type or high-frequency pulse tube, GM-type or low-frequency pulse tube, throttle type (i.e. fluid expansion over a flow restriction), and reversed Brayton (expansion over a turbine) [3] [4] [5] .
Cooling performance
Various ways of expressing the performance of a cryocooler exist and the definitions are confusing in this respect. A cooler lifts heat Q C from a cold reservoir at temperature T C at the expense of an input power P in at a heat-sink temperature T H . Following common practice in thermodynamics, we define the coefficient of performance (COP) as
Often also the specific power is used defined as COP À1 . The efficiency of a cooler is usually quoted as the ratio of the actual cooler COP to that of the ideal Carnot cycle:
Because ''efficiency'' is often mixed with ''COP'', it is best to express the efficiency in percent Carnot. The non-ideal performance of a cooler is caused by various loss mechanisms such as conductive heat losses along the cooler and shuttle heat losses inside it. Relative to the required heat lift Q C , these losses increase as the operating temperature is lowered and also when Q C gets smaller. As a result, one may expect the percent Carnot efficiency to be smaller at lower operating temperatures. Furthermore, at a given operating temperature, one may expect the efficiency to improve as Q C is increased.
In order to compare the different coolers in our database in a well-founded manner, we transformed all data to the operating temperatures 4, 10, 20, 40, 80 K, and to a heat-sink temperature of 300 K. Some suppliers gave specifications at slightly different temperatures such as 4.2 or 77 K, or a heat sink at 290 K. These data points were corrected via the Carnot COP as given by Eq. (3). Data that deviated too much, e.g. 60 K performance, was not included at this point of the study. The resulting specific powers versus cooling powers are depicted in Fig. 1 . As expected, a lower operating temperature gives a lower performance and at high values of Q C the specific power tends to level off. At the lower temperatures, there is no dramatic difference between the various cooler types in terms of efficiency. At 80 K, however, a distinct difference shows up between two categories of coolers. On the one hand, coolers for the 1 W range (Stirling and Stirling-type pulse-tube coolers) and on the other hand, coolers for the 10 W and above range (GM and GM-type pulse-tube coolers). Below about 10 W, the former category has a much better performance than the latter. This higher performance in the 80 K range was probably driven by the demands from infrared community and by the requirements for the HTS microwave filter systems that are being proposed for use in wireless communication base stations. The results of Fig. 1 are summarized in Table 3 .
For a comparison with earlier surveys, the database was used without correcting the operating temperature. The correction for deviations in heat-sink temperature, however, was maintained. Regardless of the heat lift, the specific power of ''our'' coolers is depicted as a function of the operating temperature in Fig. 2a . Here, only the ''low-power'' coolers are considered: Q C < 10 W at 4 and 10 K; Q C < 100 W at 20 and 40 K; Q C < 200 W at 80 K. The band in which 60% of the coolers fall statistically is indicated with horizontal dashes. In Fig. 2b , a comparison is made with the survey of Daunt and Goree and that of Smith. It can be concluded that over the years the cooler performance has not significantly improved, again except for the Stirling coolers and highfrequency pulse-tube coolers operating at 80 K.
Another way of presenting the data in a historical perspective is to compare current data with old data in the format of the so-called ''Strobridge plot''. Strangely enough, Strobridge in his survey did not formulate a dependence of the efficiency on the operating temperature. Instead he focused on the other effect, that of the cooling power. He found an efficiency of a few % of Carnot in the 1 W range, increasing to roughly 30% in the megawatt-range independent of operating temperature. The Strobridge plot in Fig. 3 combines our data for 80 K coolers with the Strobridge data. The difference between the two categories of 80 K coolers is even more striking than in Fig. 1 . Comparison with the Strobridge data should be focused on his square symbols. Again, the improvement in the performance of Stirling and Stirling-type pulse tubes has been most noticeable, with Stirling coolers being superior to pulse-tube coolers in the sub-1 W range. The improvement in the efficiency of Table 3 Maximum g versus operating temperature 1 W coolers has been from about 1-2% of Carnot for the Strobridge data to about 5-10% for the current generation of 1 W/80 K cryocoolers.
Mass and volume
The database contains mass and volume data of 153 coolers. The relation between cooler mass and cooler volume is depicted in Fig. 4 . For the complete database a linear fit can be made as included in the figure. This fit corresponds to a ''cooler density'' of 0.8 kg/l. The smaller Stirling coolers are more compact, however. Excluding the five heaviest Stirling coolers, the fit for Stirling coolers only is 1.12 kg/l.
Strobridge and also Smith et al. considered mass as a function of cooling power Q C . In doing so, however, one has to include the operating temperature as a parameter as well. This will be considered later on in this section. As an alternative, one can relate mass to input power, which is depicted in Fig. 5 for 170 coolers. The best linear fit intercepting the origin is mass ðkgÞ ¼ 0:0204 Â P in ðWÞ. This fit, however, deviates significantly from a large part of the data. The best fit for the complete set appeared to be mass ¼ 0:0711 Â P 0:905 in , with mass in kg and P in in W. This fit is included in Fig. 5 , as well as data from earlier surveys of Daunt and Goree, and of Smith et al. It appears that the general trend of cooler mass as a function of the input power has not significantly changed over time, except for the case of high-frequency pulse-tube coolers. These coolers are relatively heavy. One should note, however, that the efficiency of small Stirling coolers and high-frequency pulse tubes has increased by a factor of about 5, as discussed in the above section. Therefore, per watt of cooling power at a given temperature less input power is required, and thus the cooler is lighter. This is also illustrated by Fig. 6 , where the specific mass (i.e. mass per unit of cooling power) is plotted versus the operating temperature. Again included are the data of Daunt and Goree, and of Smith et al. Once more it can be concluded that the cooler mass has not significantly changed. Stirling coolers are relatively lighter, whereas high-frequency pulse-tube coolers are relatively heavier. Relating mass to cooling power and operating temperature, we derived a fair fit between these three parameters:
Mass versus cooling power for our database is depicted in Fig. 7 , also including the fit given by Eq. (4).
Cost
The price of a cooler is determined by a number of factors. Besides political and economical factors, important parameters are the required performance (cooling power, operating temperature, COP), the number of coolers that is needed and the maturity of the technology. The relation between cost and performance is illustrated in Figs. 8 and 9 , based on 83 coolers in the database. For input powers above 400 W, a trend can be recognized as The cost of small-power coolers does not appear to depend on required cooling power or input power. One can imagine that the required lifetime also determines cost. This, however, appears not to be the case as illustrated by Fig. 10 for 63 coolers with partly overlapping data points.
An impression of the historical cost development can be obtained by comparing our data with that of Strobridge and of Daunt and Goree. In order to compare cooler price development with ''normal'' price level development, we took data from the U.S. Bureau of Labour Statistics on ''industrial commodities''. In 2001, this price level is a factor 2.8 above that of 1974. Strobridge in his survey, updated in 1974, gave a relation similar to Eq. (5) as cost ðk$Þ ¼ 6 Â P in ðkWÞ 0:7 . At 1 and 100 kW his trend corresponds to 6 and 151 k$, respectively. Recent coolers according to Eq. (5) cost about 11 and 410 k$ at those input levels, respectively. The cost increase, therefore, is a factor 1.8 at 1 kW and 2.7 at 100 kW. Apparently, the powerful coolers (liquefiers) have followed the normal price development of industrial commodities. In contrast, more ''modest'' coolers have become significantly cheaper in a relative sense.
The price development of a specific type of cooler is a much more difficult issue. For that purpose, in surveys, performance data and cost data have to be available on individual coolers that are of the same type. We have to limit this discussion to 80 K Stirling coolers with a cooling power of about 2 W. In the 1969 survey of Daunt and Goree, two coolers of that type are included.
In our database, we have 10 coolers of that class with partly overlapping data. The data are presented in Table  4 . Taking into account an industrial-commodity price level development by a factor of 4, it is obvious that these Stirling coolers have become much cheaper.
The usual way to display the effect of the quantity produced on the unit cost of an item is in a so-called learning curve. This is a double-log plot of cost per unit versus the quantity produced. The learning rate (LR) indicates how the cost is reduced when the production is doubled. For instance, an 80% learning rate means that the cost per unit drops to 80% if the quantity manufactured doubles. Learning curves of nine coolers are depicted in Fig. 11 , with four trend lines included. Except for the Iwatani pulse-tube cooler, the learning rates are between 75% and 85%. This learning-rate range seems to be valid for a wide variety of industrial products. Based on data of Nisenoff, the learning rates for T-Fords, 1-HP induction motors, and integrated circuits can be evaluated as 86%, 81%, and 73%, respectively [15] [16] [17] .
In practice, the learning rate is not a smooth curve as suggested by Fig. 11 . The major cost reductions follow revisions of cooler designs and improvements and automations of the manufacturing processes. Because of larger market expectations, a supplier may wish to increase the number of coolers produced. When this increase is large enough, it may be worthwhile to redesign the cooler and its manufacturing process. Such a redesign process can result in a dramatic cost reduction and a step in the learning curve. This was, for instance, demonstrated by the Sunpower redesign of the M77 Stirling cooler into the M87 Stirling cooler [20] . The M77 was designed for relatively small markets, e.g. aerospace applications. The first units were finished in 1992 and in 2000 a total of 71 units had been delivered. Because large markets were expected in cooling HTS telecom filters and in liquefying oxygen for home-based portable oxygen therapy, the M77 and its manufacturing process were redesigned with the goal of a manufacturing capacity of over 30,000 cryocoolers per year. Cooler redesign resulted in a 20% higher efficiency and a 23% lower mass. This contributed to a significantly lower price: the M77 currently costs $35,000 per unit in small numbers, whereas the M87 is only $10,000 in small numbers, dropping to a projected cost of $1500 per unit for lots of 10,000 [21] . To arrive at this new design suitable for mass production, the number of weld/brazed joints, and the use of polymers and glue joints were each reduced by 50% or more [20] . Another example of a cooler and manufacturing redesign process was discussed in a paper of Superconductor Technologies Inc.
(STI) at the 9th International Cryocooler Conference in 1996 [18] .
These dramatic reductions in cost are only possible at large quantities. At small quantities, cost reduction is not that big. This is illustrated in Fig. 11 by the Sunpower M77 and M87 data as well as by the STI data; in the quantity range 1-10, the cost reduction following an increase in production is relatively small. In our database, cooler prices are included for single units and lots of 100. The reductions in cost per unit for 100 units as compared to a single unit are depicted in Fig. 12 for a dataset of 67 coolers. The average reduction to 0.64 of the single quantity price corresponds to a learning rate of only 93.5%. Again, this reduction is quite modest. For comparison, a learning rate of 80% would imply a cost reduction to 0.23 of the unit price due to a production increase by a factor of 100. 
Reliability and lifetime
There is much confusion between the terms of ''lifetime'' and ''reliability''. Often the word ''reliability'' is used to imply that a cryocooler has a long operating ''lifetime'' but, in this use, it has no quantitative meaning. The term ''lifetime'' is frequently used by the supplier as the period of time that the cooler is guaranteed to operate according to the specifications. This lifetime does not mean that the cryocooler will not fail during the specified period of time; the cooler will have a finite probability of failing but, in general, the supplier is willing to replace or repair any defective cryocooler, at his expense. Reliability refers to that failure probability.
The rate at which devices under test fail is denoted by the failure rate kðtÞ: the number of failures per unit of time, normalized to the number of devices that is still operating at time t [22] . A typical failure rate curve is given in Fig. 13 , which due to its shape is often called the ''bathtub curve''. Early defects, causing ''infant mortality'', arise during manufacture and can be detected and removed from shipment before some predetermined number of operating hours. After shipment, most of the coolers will operate without problems and only a small number will fail because of random events (e.g. electrical damage). We assume these events to occur randomly over all period, and as a result the failure rate is constant in this period. At some point in time, wear-out mechanisms will occur and become more and more important as time evolves. In contrast to random events, wear-out will affect all coolers, e.g. wear-out of seals or leakage of helium. The pace at which these mechanisms work may vary from cooler to cooler, but all coolers suffer from this ''wear-out''. The end-of-life occurs when wear-out starts to dominate over the random defects. Usually at that point, the failure rate rapidly increases. Thus lifetime is related to the length of the random-event period, whereas the reliability is related to the failure rate in that period. It may be illustrative to note that a liquid-helium bath has a limited lifetime but is extremely reliable.
In failure and reliability analysis, a reliability function RðtÞ is used to indicate the probability that a device will perform its intended function for at least a time t [22] . In a life test experiment, it is the number of devices that is still operating at time t relative to the initial number. In the random-event regime, since k is constant, the reliability function decays exponentially in time:
Random events: RðtÞ ¼ expðÀktÞ ð 7Þ
In general, a mean-time-to-failure (MTTF) can be evaluated by considering the number of failures at time t in the time interval dt. This number of failures is equal to kðtÞRðtÞ dt, and has a time-to-failure t. Obviously, the MTTF follows as
Here, t ¼ 0 is at the beginning of operation of the cooler by the user, that is, after the cooler has survived the ''burn-in'' during the ''infant mortality'' phase, and has been shipped to the user. Then, in the first period of operation, k is constant, and the MTTF in this regime resulting from Eqs. (7) and (8) is simply equal to 1=k. For coolers under operation, this MTTF directly translates into the cumulative number of operating hours divided by the number of failures that have occurred:
Random events: MTTF ¼ 1=k
Two important remarks have to be made at this point. Firstly, this MTTF should not at all be interpreted as ''the lifetime''. As discussed above, lifetime is determined by wear-out mechanisms and not by the random defects. It is far better to relate the MTTF of Eq. (9) to reliability; the chance that a cooler fails before its specified end-of-life is given as the lifetime divided by that MTTF. For example, in order to establish a cooler reliability of 95% (i.e. 5% failure) for a 5-year lifetime, an MTTF of 100 years(!) has to be realized in the random-events phase. Secondly, the estimates that are made may pertain only to the reliability for a time period less than or of the order of the test duration, and reliability estimates cannot be given for other time periods. For example, a test with 10,000 coolers operated for 1 year with 10 failures yields the same MTTF as a run with 1000 coolers operated for 10 years and 10 failures. But clearly the latter test MTTF is more meaningful since it gives a reliability estimate valid for 10 years instead of only 1. The best statistics currently available for a commercial cryocooler is from STI [23] . Of the present Stirling cooler type H3.5 used for cooling HTS filters, the first units started operation in September 1999. In March 2002, a total of 1175 coolers had accumulated 10,719,272 h of operation. A total of 98 of them had been operating for more than 17,250 h. Since September 1999, a total of 13 coolers had failed, yielding an MTTF of 824,559 h (i.e. 94 years!). The targeted life of the cooler is 60,000 h [24] , implying a reliability of about 93%. Now the problem is that the coolers at STI were placed into operation on a more or less continuing basis with time, and only half of the coolers had been operating for more than 1 year. So, it is risky to use the reliability estimates for a period longer than about a year, let alone for the full period of 60,000 h, about 7 years. After all, it is still to be seen whether the failure rate remains constant in time and does not slowly increase towards the specified end-of-life. Furthermore, the presented data do not give information on how realistic the lifetime of 60,000 h is, at least not beyond a year or so.
In the wear-out regime, kðtÞ rapidly increases with time. An expression that is often used in this case for the reliability function is the Weibull law [22] :
Here, c is the operating time before which no failures occur (usually c ¼ 0, assuming that the probability of failure is already above 0 immediately after starting); a is a scale parameter; and b is a shape parameter. If b ¼ 1, Eq. (10) reduces to the exponential distribution with k constant (i.e. the random-events regime). In the wearout regime, b is significantly larger than 1. The three parameters in Eq. (10) can be evaluated from earlier lifetime test results. Unfortunately, it is difficult to obtain adequately accurate parameters and, therefore, the Weibull law is of limited practical use, e.g., Refs. [24, 25] . As a result, the specified lifetime is usually based on targets rather than on real evaluations. The lifetime of cryocoolers has been improved significantly over the last 5 years or so, due to improvements in the compressor and in the cold head (the gas-expansion unit). Concerning the latter, main attention has been on eliminating the moving parts in the cold. Typical examples are the pulse-tube refrigerator and developments in Joule-Thomson cooling. With respect to the compressor, the key issue was the rubbing contact between the piston and the cylinder in oil-free compressors for Stirling-type coolers. Wear out of the rubbing seals that were used was the limiting factor in compressor lifetime. Now, these rubbing contacts can be eliminated by using flexure bearings that support the piston and the displacer inside their respective cylinders without any contact. By very accurate machining, the gap between piston and cylinder can be reduced to a few lm. The flow impedance of this clearance gap is so high that it acts as a dynamic seal for the helium gas. Because of the extremely narrow gaps, the bearings that support the pistons have to be stiff in the radial direction and weak in the axial direction. This is realized with so-called flexure bearings. The lifetime of these compressors can exceed 50,000 h, whereas standard Stirling compressors had a specified life of less than 10,000 h, and more typically 5000 h. The work on these long-life compressors was pioneered by Davey of the University of Oxford in the early and mid 80s [26, 27] . These were developed especially for space applications with extremely long life (10 year) in single units and, therefore, at high cost. Nowadays, these compressors are under development for highly reliable long-life pulse-tube coolers and are also available in some commercial coolers e.g., Refs. [28, 29] . As an alternative to flexure bearings, a gas bearing fed by a high-pressure reservoir in the piston can also be used to prevent rubbing contact [20, 24] .
A further improvement with respect to lifetime is to apply moving-magnet technology. This has several advantages over moving-coil linear motors that have been used in most linear compressors [18, 28, 29] . First of all, the coils, known to be a possible source for gas contamination, can be placed outside the hermetically sealed compressor housing containing the working gas. Avoiding any synthetic material inside the cooler reduces the risk of gas contamination during the life of the cooler. The fact that the coils can be placed outside the hermetically sealed compressor also means that no wire feedthroughs are required. In this way, risks of feedthrough leakage due to extreme temperature cycles or mechanical shocks are no longer present. Finally, the absence of moving coils in the compressor design also means that flying leads to supply power to the coils are no longer needed. These flying leads have an obvious risk of breaking during their 50 or 60 Hz operation for many, many hours (i.e., more than 4 million cycles per day!).
At this point, it is good to note that often a trade-off has to be made between manufacturing cost and reliability or lifetime. Often other aspects, such as cooler interference, may play a role as well. This trade-off is eminent in the discussion of ''moving-coil or movingmagnet?''. A moving-magnet compressor, on the one hand, has the above-mentioned advantages on reliability. On the other hand, it is slightly less efficient and generally leads to higher (low-frequency) electromagnetic interference [18, 29] . Especially the efficiency drawback caused STI to adapt their compressor design from moving-magnet [18] to moving-coil [24] .
In the 2002 CILTEC cryocooler database, data is included on maintenance intervals and specified lifetimes without maintenance. This data is summarized in Fig. 14 for 149 coolers (with lots of overlaps). The statistics for the different distributions are given in Table 5 . Two Stirling coolers with lifetimes of only 400 h were included in the statistics but not in Fig. 14. Obviously, large numbers of coolers are available nowadays with operating times far over 1 year, with special efforts and results in high-frequency pulse-tube and Stirling coolers.
Conclusion
A cryocooler survey has been performed. Data was gathered from publicly available sources and suppliers were approached with the data on their coolers, and they were asked to update this. The database is available as a spreadsheet and can be obtained free of charge by contacting CILTEC [14] . We welcome comments about the present survey and database and would welcome data on new coolers and further updates.
A trend study was performed in this survey and the results are summarized in Fig. 15a-c; Fig. 15a the input power versus the operating temperature, with the cooling power as a parameter varying from 0.3 to 100 W. This figure is based on currently achievable efficiencies as depicted in Fig. 1 . The cooler mass is plotted against operating temperature in Fig. 15b , based on Eq. (4). Finally, the cooler cost as a function of temperature and cooling power is given in Fig. 15c . This plot is based on the Eqs. (5) and (6), with 10 k$ taken as a lower limit. All graphs should be used for useful estimate purposes only.
